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A B S T R A C T
Background: Postoperative peritoneal adhesions form in 63–97% of patients, give rise to subsequent ad-
hesion related problems and create a considerable socioeconomic burden. In the present study, a local
artiﬁcial atmosphere was created around the abdominal cavity during a surgical procedure in an effort
to reduce postoperative adhesion formation.
Methods: Forty-eight Wistar male rats (Clr:WI) were randomized into two groups and weighed about
280 grams each. The abdominal cavities of the rats of the study group were exposed to warm and hu-
midiﬁed air (21% O2, 37 °C, 95–100% relative humidity (RH)) during an open surgical procedure, while
the rats of the control group were exposed to the air from the operating theatre (21% O2, 21 °C, 40–47%
RH). The surgical procedure consisted of a midline laparotomy, four cuts and ischaemic knots in the an-
terior abdominal wall and blood from the tail vein dripped into the abdominal cavity. The abdominal
cavity was assessed for adhesion formation and the bacterial load (CFU/ml) was measured.
Results: Signiﬁcant differences in mean total adhesion, severity, tenacity scores and in the mean rank
of the extent scores were found (p < 0 001. ). Also, signiﬁcant differences in the median numbers of CFU/ml
on chocolate agar and blood agar were found (p < 0 001. ).
Conclusions: Rats in the study group had higher total adhesion, extent, severity and tenacity scores post-
operatively compared to rats in the control group. A possible reason could be the observed higher bacterial
load amongst the rats of the study group compared to the rats of the control group.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Surgical Associates Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Peritoneal adhesions are deﬁned as abnormal ﬁbrous connec-
tions between peritoneal surfaces that can form postoperatively
during the healing process [1–3]. The peritoneal surface is com-
posed of a mesothelial monolayer supported by a basement
membrane and underlying connective tissue, and damage to this
monolayer seems to be the trigger for adhesion formation [1,2,4,5].
Potential damaging factors to the peritoneal surface are many,
such as surgical trauma like ischaemia from sutures, chemical
irritation, abrasions, foreign materials, overheating, cauterization,
infections and dessication [1,6–8]. Adhesions form postopera-
tively after both laparoscopic and laparotomic procedures [1,2].
However, adhesion formation appears to be reduced after
laparoscopic procedures [1,8–10]. In theory, this is due to laparo-
scopic procedures inducing less mesothelial damage than
laparotomic procedures [1,5].
Earlier studies found incidences of peritoneal adhesion forma-
tion to range from 63 to 97 % after surgery [1,11–13]. A study from
2001 found that approximately a third of the patients who under-
went lower intraabdominal surgery had to be readmitted, due to
possible adhesion related problems during the subsequent 10 years
after surgery [14]. Examples of such adhesion related problems are
intestinal obstruction, pelvic pain, decreased fertility and im-
paired organ functioning, but also increased risk of inadvertent
enterotomy and operating time needed due to adhesiolysis during
subsequent reoperations [2,8,11,13,15–20]. Also, the annual adhesion-
related expenditures in 1994 were estimated to be 1,3 billion dollars
in the USA [21]. In summary, postoperative adhesion formation
should be reduced as much as possible and reducing mesothelial
damage during surgery seems like a good place to start [1].
One possible way of reducingmesothelial damage during surgery
is to control the environment the peritoneum is exposed to during
surgery. The reason for this being that the peritoneumdoes not adjust
well to conditions differing from its physiological environment [1].
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Dry and cold insuﬄation gas, to which the peritoneum is exposed
during laparoscopic procedures, can cause dessication of the peri-
toneum [1]. Therefore humidifying and warming the insuﬄation gas
could be a logical step towards a pneumoperitoneum with condi-
tions more close to physiological conditions and towards the idea
of minimizing trauma [1,22,23]. More physiological-like condi-
tions during surgery could prevent or reduce postoperative pain,
hypothermia and adhesions, which are some of the morbidities as-
sociated with laparoscopic surgery and peritoneal desiccation
[1,22,23]. Extending this line of thinking to open surgical proce-
dures seems logical, since tissue dessication is of equal consequence
during open surgery [1,24–28].
Intraoperative ﬁeld ﬂooding with insuﬄation of CO2 in the peri-
cardial cavity is routinely used during cardiac surgery in order to
displace intra-cardiac air [24,29]. A diffuser is used to insuﬄate CO2
into the wound cavity, thereby de-airing it and establishing a local
atmosphere within the wound cavity consisting of a high CO2 con-
centration [24,29]. A medical hypothesis published in 2009
hypothesized that intra-operative ﬁeld ﬂooding of the abdominal
cavity during open surgical procedures with warm and humidi-
ﬁed CO2 could reduce postoperative adhesion formation, reduce
surgical site infection and prevent oxidative stress [1,24,30].
The idea of establishing a local artiﬁcial atmosphere within and
around the intraabdominal cavity during open surgery in order to
reduce mesothelial damage and thereby postoperative adhesion for-
mation is interesting. Which properties such an atmosphere should
have in order to maximize reduction of postoperative adhesion for-
mation requires more research [31]. In an earlier study and in the
present study a perspex box, in which a local artiﬁcial atmo-
sphere could be created and rats could be operated upon through
airtight holes for the surgeon’s arms (see Fig. 1), was used [31].
The aim of the present study was to establish a warmed and hu-
midiﬁed local artiﬁcial atmosphere consisting of air within and
around the abdominal cavity during an open surgical procedure and
assess the effect on postoperative adhesion formation and bacte-
rial load in a rat model. It is hypothesized that exposure of the
peritoneum to warm and humidiﬁed air instead of the cold and dry
air from the operating theatre during an open surgical procedure
will reduce desiccation of the peritoneum and thereby postoper-
ative adhesion formation [1].
2. Materials and methods
In the present block randomized experimental study, postoper-
ative adhesion formation and bacterial loadwere assessed, measured
and compared between two groups after an open surgical procedure
was performed on 48Wistar male rats (Clr:WI) from ‘Charles River
Laboratories’. The rats weighed about 280 grams each, were fed stan-
dard rat chow with tap water ad libitum and kept under standard
laboratory conditions. Each rat lacked outward identifying charac-
teristics and received an identifying chip subcutaneously, thereby
enabling blinding of the investigator at the time of adhesion
assessment.
During the open surgical procedure the abdominal cavities of the
control group rats were exposed to the cold and dry air from the
operating theatre. The abdominal cavities of the study group rats
on the other handwere exposed to the warmed and humidiﬁed local
artiﬁcial atmosphere consisting of air. The local artiﬁcial atmo-
sphere was created within a perspex box that had several access
points for intubation equipment, gas and the surgeon’s arms (see
Fig. 1) [31].
Air from a wall outtake was warmed and humidiﬁed by several
heaters and humidiﬁers (Ultra-Neb 99, DeVilbiss, Dietzenbach,
Germany, and Auto-Fill Humidiﬁcation Chamber and Heated Hu-
midiﬁer, Fisher and Paykel Healthcare, New Zealand) up to 37 °C
and a relative humidity (RH) of 95–100% before it entered the
perspex box. The humidity and temperature conditions, mea-
sured with ‘Testo 625’ (Testo LTD., Alton, UK), within the perspex
box were kept as stable as possible. Adjustments, if necessary, were
made at intervals during the procedure.
All rats received atropine 20 minutes before receiving anaes-
thesia. The initial dose of anaesthesia consisted of 5% isoﬂurane, and
was delivered through a vaporizer and inhaled inside a closed
chamber. Subsequently the study group rats were intubated and con-
nected to a rodent ventilator (Harvard Starling ‘Ideal’ Ventilator,
Sydney, Australia) with a stroke volume of 1.5 ml/min and respi-
ration rate of 80 breaths/min, while the control group rats were
connected to gas masks. A plane of anaesthesia, consisting of ap-
proximately 1.5% isoﬂurane delivered through a vaporizer, 40% O2
and 60% N2O, was maintained during surgery in both groups.
After being connected to a ventilator or gas mask, the rats re-
ceived 12ml isotone saline subcutaneously. The abdomenwas shaved
and the skin was sterilized with chlorhexidine before a 3.5 cm long
midline laparotomywas performed. Afterwards, four ischaemic knots
and four cuts of about 1 cm in length were applied in four differ-
ent quadrants of the anterior abdominal wall [31,32]. ‘Self-retaining
retractors’ were used to keep the abdominal cavity open and exposed
to the surrounding atmosphere for 1 hour and 15 minutes, after
which the surgical cavity was ﬁlled with 5 ml 37 °C warm isotone
saline. A ﬂuid sample was then taken after 2 minutes, which was
later used for a quantitative bacteriologic cultivation on chocolate
and blood agar. After an intubation period of 3 days, the number
of colony forming (CFU) was counted and the bacterial load (number
of CFU/ml) was calculated.
Just prior to closing the abdominal cavity with PDS sutures, but
after taking a ﬂuid sample, nine drops of blood from the tip of the
tail vein were administered inside the abdominal cavity [33]. After
closure, the rats received buprenorphine (0.05mg/kg s.c., Temgesic,
Reckitt and Coleman, Hull, UK) subcutaneously before waking in
order to reduce acute postoperative pain. Additional pain medica-
tion was administered depending on the rats’ general behaviour,
alertness and posture during the following weeks. Also, the control
group rats were kept warm with warming blankets during surgery.
As advised in previously published literature [34,35], postoper-
ative adhesion formation was assessed after 3 weeks. The rats were
fed standard rat chow and tap water ad libitum during these weeks.
The rats were put under anaesthesia and the anterior abdominal
wall was cut open from the pubis along the hip bone, the left ﬂank
and left subcostal bow until the os xiphoideumwas reached. While
opening the abdominal cavity, any adhesions attached to the an-
terior abdominal wall were assessed. After adhesion assessment,
euthanization of the animals was performed by removal of the heart.
Fig. 1. Perspex box.
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In order to assess the adhesions, there were six scoring sites (see
Fig. 2) [31]. The sixth site being the intestines and not shown in the
picture was assessed for adhesions along their entire length. Each
site was assessed macroscopically for the extent (0 = no adhe-
sions, 1 = 1–25% covered in adhesions, 2 = 26–50%, 3 = 51–75%,
4 = 76–100%), severity (0 = no adhesions, 1 = ﬁlmy, 2 = dense, 3 = cap-
illaries present) and tenacity (0 = no adhesions, 1 = adhesions easily
fall apart, 2 = adhesions require traction, 3 = adhesions require sharp
dissection) of adhesions present and received four scores [31,36].
The fourth score was the sum of the other three with a maximum
of 10 [31]. Each rat also received four scores, which were named
the ’adhesion extent score’, the ’adhesion severity score’, the ’ad-
hesion tenacity score’ and the ’total adhesion score’ respectively [31].
Each score was the sum of their corresponding scores for each site,
with a maximum score of 24, 18, 18 and 60 respectively [31].
For analysis of the data, the software SPSS 23 (IBM SPSS Statis-
tics, New York, US) was used. Normality tests were performed on
the distribution of the data for every variable. Depending on the
results of these normality tests, either Student’s independent t-tests
or Mann Whitney U tests were used. A signiﬁcance level of 5% was
chosen for all tests. The study was approved by the Norwegian
Animal Research Authority (NARA) and the animal care in accor-
dance with the institution’s guidelines.
3. Results
Forty-eight rats survived the initial operation. Variables with
normal distributions for both groups (p > 0 05. ) were the total ad-
hesion score, the total adhesion severity score and the total adhesion
tenacity score. Any differences between groups for these variables
were tested with the independent samples t-tests for signiﬁcance.
The variables with abnormal distributions for one or both groups
(p < 0 05. ) were the total adhesion extent score, the bacterial load
on chocolate agar and the bacterial load on blood agar. Any differ-
ences between groups for these variables were tested with Mann
Whitney U tests.
The study group rats had statistically higher (p < 0 001. ) mean total
adhesion, mean total adhesion severity and mean total adhesion te-
nacity scores than the control group (see Table 1.). The mean rank
(31.81) of the study group rats’ total adhesion extent scores was sta-
tistically signiﬁcantly higher than themean rank (17.19) of the control
group’s total adhesion extent scores (p < 0 001. ). The study group rats’
median bacterial load on chocolate agar and blood agar was also
statistically signiﬁcantly higher than the control group rats’ median
bacterial load (p < 0 001. ) (see Table 2).
4. Discussion
In the present study, the effects of peritoneal exposure during
an open surgical procedure to a warmed and humidiﬁed local ar-
tiﬁcial atmosphere consisting of air are studied. In theory, this should
lead to less dessication of the peritoneum, which in turn should lead
to less mesothelial damage and postoperative adhesion formation
when compared to adhesion formation after peritoneal exposure
to cold and dry air from the operating theatre [1]. However, the
extent, severity and tenacity of the postoperative adhesion forma-
tion were greater, more severe and more tenacious amongst the
study group rats. One possible reason for this could be the in-
creased bacterial load found intraabdominally amongst the study
group rats compared to the control group rats just before closure.
The increased intraabdominal bacterial load could have caused or
contributed to an increased intraabdominal inﬂammatory reac-
tion postoperatively, which in turn could have led to the observed
increased adhesion formation in the present study [24,37,38].
It is uncertain as to what caused the increased bacterial load,
or if the increased bacterial load at all caused or contributed to the
observed increased postoperative adhesion formation amongst the
study group rats. The known factors that were different between
the two groups are the warmed and humidiﬁed local artiﬁcial at-
mosphere, a small ﬂow inside the perspex box and the possibility
of a higher core temperature amongst the study group rats during
surgery.
A higher temperature and humidity within the perspex box could
in theory have created an environment favourable for bacterial
growth [39]. On the other hand, however, a warmed and humidi-
ﬁed local atmosphere should in theory also keep the surgical wound
tissue warm and this should optimize the immune system against
infection [40–42]. In addition, reducing peritoneal desiccation by
way of a warmed and humidiﬁed local artiﬁcial atmosphere should
reduce superﬁcial tissue necrosis [1,7,43]. Reduced superﬁcial tissue
necrosis should in turn also reduce the risk of infection and post-
operative adhesion formation [1,44]. The sum of these effects on
postoperative adhesion formation requires more research.
Fig. 2. Scoring sites 1–5.
Table 1
Results of Student’s t-tests.
Variable Resultsa for study group Resultsa for control group
Total adhesion score 23 88 5 09. .± 17 04 6 87. .±
Adhesion severity score 8 00 1 79. .± 5 88 2 54. .±
Adhesion tenacity score 9 42 2 41. .± 6 38 2 62. .±
a Data shown as mean ± standard deviation.
Table 2
Median bacterial loads.
Variable Results for
study group
Results for
control group
Number of CFU/ml on chocolate agar 15.5a 1.5a
Number of CFU/ml on blood agar 19.0a 3.0a
a Data shown as median CFU/ml.
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The small ﬂowwithin the perspex box, caused by inﬂow of newly
warmed and humidiﬁed air, could also have led to the higher bac-
terial load found amongst the study group rats by increasing the
surgical wound contamination, due to increased inﬂow of air-
borne bacteria and increased peritoneal desiccation [1,7,24,44,45].
This in turn could have contributed to the increased postoperative
adhesion formation and bacterial load observed [1,7,24,44,45].
However, the increase in peritoneal tissue desiccation is in theory
unlikely, since the local atmosphere had an RH of 95–100 % and the
same temperature as the surrounding tissue; therefore, no more
evaporation from the peritoneum should occur [1]. In any case, ad-
ditional ﬂow reduction inside the perspex box might be necessary
during future studies, even though the difference in ﬂowwithin the
perspex box compared to the ’no-ﬂow’ of the standard operating
theatre was minimal. Such a ﬂow reduction might be achievable if
the gas were to be insuﬄated into the perspex box through a dif-
fuser [46], but combining such amethodwith othermethods in order
to reduce bacterial contamination of the surgical wound seems
advisable.
Onemethod to reduce bacterial contamination is letting the local
artiﬁcial atmosphere consist of a high CO2 concentration instead of
air, as was done in the aforementioned earlier study from 2013 [31].
The local artiﬁcial atmosphere used in the study of 2013 also con-
sisted of 3–4% O2, was warmed to 37 °C, and humidiﬁed until an
RH of 95–100% was reached [31]. Similar to the present study, the
local artiﬁcial atmosphere from the 2013 study was compared to
an atmosphere of cold, dry ambient air regarding the effect on post-
operative adhesion formation and intraabdominal bacterial load [31].
It was theorized that a local atmosphere consisting of a high CO2
concentration could reduce airborne bacterial contamination and
suffocate bacteria already present in the surgical wound cavity
[24,44,45,47]. The results of the study from 2013 were unexpect-
edly similar to the results in the present study [31]. However, in
contrast to the present study, no difference in intraabdominal bac-
terial load was found between the two groups in the study from
2013 [31]. A possible explanation for this, in accordance with the
theory, might be the use of a high CO2 concentration instead of air
within the local warm and humidiﬁed artiﬁcial atmosphere
[24,31,44,45,47]. More research in order to clarify this is required
however.
Other studies have also shown that a local atmosphere consist-
ing of a high CO2 concentration might prevent surgical site infection
[24,44,45,47] and be less inductive of inﬂammation than a local at-
mosphere consisting of air [48,49]. However, peritoneal exposure
to a local atmosphere consisting of a high CO2 concentration could
still have adverse effects of its own regarding mesothelial damage,
postoperative adhesion formation and postoperative peritoneal pain
[1,5,31]. Therefore the exploring of other possible properties, which
a local artiﬁcial atmosphere should have in order to potentially
reduce postoperative adhesion formation, should continue.
A review from 2015 suggested postoperative adhesion forma-
tion could be reduced to a large extent by adequate conditioning
of the insuﬄation gas the peritoneum is exposed to during lapa-
roscopic surgical procedures [1]. The example of such an adequate
conditioning presented was warming of the insuﬄation gas to 32 °C,
humidify it to a level of 100% RH, and let it consist of 3–4% O2, 5–10%
N2O and the rest CO2 [1]. Applying a local artiﬁcial atmosphere with
similar properties during open surgical procedures in order to reduce
postoperative adhesion formation is an interesting idea and should
be explored further [1].
Another possible reason for the observed results in the present
study is that the core temperature of the rats operated inside the
perspex box was not monitored during surgery. It is therefore pos-
sible that the rats operated inside the perspex box had a higher core
temperature compared to the rats operated in the ambient air of
the operating theatre during the surgical procedure. If this is the
case, it could have caused or contributed to the observed higher post-
operative adhesion formation amongst the study group rats [31,36].
Lastly, only one observer assessed adhesion formation, while two
independent observers might have reduced risk of bias. However,
this risk of bias was reduced appropriately by blinding the observ-
er to which group each rat belonged to during assessment of
adhesions.
5. Conclusions
Rats in the study group had higher total adhesion, extent, se-
verity and tenacity scores postoperatively compared to rats in the
control group. A possible reason could be the observed higher bac-
terial load amongst the rats of the study group compared to the rats
of the control group.
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